Nonenveloped viruses such as Simian Virus 40 (SV40) exploit established cellular pathways for internalization and transport to their site of penetration. By analyzing mutant SV40 genomes that do not express VP2 or VP3, we found that these structural proteins perform essential functions that are regulated by VP1. VP2 significantly enhanced SV40 particle association with the host cell, while VP3 functioned downstream. VP2 and VP3 both integrated posttranslationally into the endoplasmic reticulum (ER) membrane. Association with VP1 pentamers prevented their ER membrane integration, indicating that VP1 controls the function of VP2 and VP3 by directing their localization between the particle and the ER membrane. These findings suggest a model in which VP2 aids in cell binding. After capsid disassembly within the ER lumen, VP3, and perhaps VP2, oligomerizes and integrates into the ER membrane, potentially creating a viroporin that aids in viral DNA transport out of the ER.
Introduction
Eukaryotic cells possess a complex network of membrane barriers and connecting transport systems. Viruses must traverse these barriers to deliver their genomes to the nucleus for replication. To navigate around these obstacles, viruses use a variety of mechanisms for entering the host cell that significantly vary based on whether the virus contains a membrane envelope. Nonenveloped viruses bind to the cell surface and are internalized by endocytosis. The virus is then transported to the organelle that triggers the disassembly of its capsid and liberation of its genome. While recent studies have investigated the dismantling of noneveloped viral capsids (Chromy et al., 2006; Magnuson et al., 2005) , how their genomes are subsequently translocated across organelle membrane barriers into the cytoplasm or nucleus remains largely unknown.
The polyomavirus Simian Virus 40 (SV40) has been used as a paradigm for understanding nonenveloped DNA viruses. SV40 encodes three late structural proteins, VP1, VP2, and VP3 (Fiers et al., 1978; Reddy et al., 1978) . During viral replication, newly synthesized VP1 forms pentamers that bind a single copy of VP2 or VP3 within their central cavity (Chen et al., 1998) . The carboxy terminus of each VP1 monomer in these soluble complexes facilitates the assembly of the icosahedral capsid around the viral genome by forming interpentameric contacts (Garcea et al., 1987; Liddington et al., 1991) .
In the mature SV40 virion, VP2 and VP3 reside within the core of the virus surrounded by 72 VP1 pentamers (Liddington et al., 1991) . VP3 is translated from the second in-frame initiation codon within VP2, making it identical to the C-terminal portion of VP2 ( Figure 1A) . The unique N terminus of VP2 consists of 118 residues with hydrophobic characteristics that are enhanced by the addition of a fatty acid myristyl group during synthesis (Streuli and Griffin, 1987) . The common C terminus of VP2 and VP3 contains a highly conserved region that associates with the cavity in VP1 pentamers and a nuclear localization sequence that also functions in DNA binding (Chen et al., 1998; Clever et al., 1993) .
SV40 initiates infection by binding to the host cell surface and diffusing along the membrane until it reaches a caveolae, where it is endocytosed into caveolin-1-coated vesicles (Anderson et al., 1996; Pelkmans et al., 2001) . These vesicles containing a SV40 virion converge at an intermediate organelle termed the caveosome. Caveolin-1-devoid vesicles bud from the caveosome and deliver the virus to the endoplasmic reticulum (ER), where the virus accumulates and is hypothesized to be disassembled (Kartenbeck et al., 1989; Norkin et al., 2002; Pelkmans et al., 2001; Richards et al., 2002) .
The PDI family member ERp29 appears to play a role in uncoating or disassembling the polyomavirus capsid (Magnuson et al., 2005) . This would support the release of the viral genome into the ER lumen and require a mechanism for penetrating or transporting the genome across the ER membrane for its subsequent delivery to the nucleus. Since no evolutionary precedence exists for the translocation of nucleic acids across ER membranes, the penetration of the ER membrane is likely performed by viral-encoded proteins. Nonenveloped viruses are believed to transfer their genomes into the cytoplasm by forming pores or lysing the membrane barrier acquired during entry (Gonzalez and Carrasco, 2003; Marsh and Helenius, 2006) . Both of these mechanisms would require membrane interactions, yet all of the proteins in SV40 have been shown to be soluble (Liddington et al., 1991) . We recently demonstrated that expression of the SV40 structural proteins VP2 and VP3 in bacteria renders the E. coli permeable to the membrane-impermeable protein synthesis inhibitor hygromycin (Daniels et al., 2006) . This property is suggestive of VP2 and VP3 having a role in membrane lysis or pore formation during penetration.
Previous studies have obtained conflicting results regarding how deleting VP2, VP3, or portions of the unique VP2 region affects SV40 replication. In one study, deletions of regions in the unique portion of VP2 severely reduced SV40 growth, while another study showed that removal of VP2 had no effect on SV40 propagation, but that removal of VP3 was detrimental to the virus (Cole et al., 1977; Gharakhanian et al., 2003) . In contrast, mouse polyoma strains devoid of VP2 or VP3 were reported to be noninfectious (Mannova et al., 2002) . No specific function in viral entry or penetration has currently been assigned to these core structural proteins from any polyomavirus.
In this study, mutant SV40 genomes that do not express VP2 or VP3 were utilized to examine their necessity for SV40 propagation and to investigate their roles in viral entry and penetration. Potential roles for VP2 and VP3 in genome transfer across the ER membrane after capsid disassembly in the ER lumen were explored by using an in vitro translation system coupled with ER membranes. This system enabled us to examine VP2 and VP3 oligomerization, characterize their integration into ER membranes, and determine the regulation of these processes by VP1. Our studies demonstrate that VP2 and VP3 exist as soluble proteins when bound to VP1. However, in the absence of VP1, both VP2 and VP3 efficiently inserted into ER membranes postranslationally, implying that they may function in the translocation of DNA across the ER membrane.
Thus, VP1 appears to regulate the function of VP2 and VP3 during viral assembly and penetration by controlling their solubility and membrane integration.
Results

Characterization of Transfection-Mediated SV40 Infections
To investigate the role of VP2 and VP3 in SV40 propagation, a bacterial DNA replication system was utilized to remove these proteins, individually and in various combinations (Ishii et al., 1994) . This system requires the infections to be initiated by transfection, bypassing the normal early steps of infection including, viral binding, entry, trafficking, and genome delivery. The E. coli replication-competent SV40-harboring plasmid, pSV40, was used to generate wild-type (WT) and mutant genomes that were digested to remove the E. coli ORiC and recircularized prior to transfection ( Figure 1A) . Initially, the WT SV40 life cycle was characterized after transfection for early and late gene expression, viral-induced host cell permeabilization, and propagation in permissive African Green Monkey Kidney (BS-C-1) cells ( Figures  1B-1D ).
Cell lysates from WT SV40-transfected BS-C-1 cells were collected for 1 week (168 hr), and the temporal synthesis of the viral proteins was monitored by immunoblotting. Expression of the early protein large T antigen (LT) initiated 24 hr posttransfection ( Figure 1B ). Late protein expression followed shortly thereafter, with VP1 being observed at 36 hr and VP2 and VP3 at 48 hr posttransfection. Therefore, late protein synthesis is not synchronized, as the major capsid protein VP1 is present w12 hr prior to VP2 and VP3.
The SV40 life cycle concludes with the death of the host cell and permeabilization of its membranes, resulting in the release of the viral progeny (Daniels et al., 2006) . Trypan blue staining of WT SV40-transfected BS-C-1 cells was first observed at 72 hr; it reached a plateau at 120 hr and increased again by 168 hr ( Figure 1D , squares). Since the life cycle of SV40 takes w72-96 hr (Daniels et al., 2006) , the permeabilization plateau from 120 to 144 hr was likely due to the lag time between the completed primary infections and the culmination of the secondary infections. Using cell permeabilization as an indicator for completion of the SV40 life cycle, it was concluded that a full infection cycle can occur 72 hr after transfection; however, it took w120 hr for all of the primary infections to finish.
To compare the infectivity of mutant SV40 strains to that of WT, a quantitative approach was established that directly measured SV40 propagation after defined periods of infection. In contrast to plaque assays, in which infectivity is indirectly determined by cell death, this assay measured viral propagation by monitoring the number of cells expressing the early viral protein LT over time (Daniels et al., 2006) . For this assay to be quantitative, an initial time point was required that corresponded to the total number of SV40-transfected cells, and a second later time point was sought where viral propagation could be observed prior to infection of the entire cell population. Slides containing confluent BS-C-1 cell monolayers were transfected with low amounts of WT SV40 DNA, fixed, and immunostained for LT over the course of 1 week. The slides were examined by immunofluorescent microscopy, and the percentage of LT-positive cells was calculated ( Figures 1C and 1D ). In agreement with the immunoblot data, LT expression was first observed 24 hr posttransfection. The percentage of LT-positive cells slowly increased with time, reaching a plateau at w10% between 48 and 72 hr that was indicative of the initial transfection efficiency. Reinfection and propagation were readily observed by 120 hr, and the infected population steadily increased to w75% after 168 hr. Therefore, the number of primary transfection-mediated infections could be determined between 48 and 72 hr, while the later time point at 168 hr revealed the propagation ability of SV40.
VP2 and VP3 Are Required for Viral Propagation
The requirement of VP2 and VP3 for productive SV40 infections was investigated by creating SV40 genomes that lacked the initiation Met for VP2 (DVP2), VP3 (DVP3), or both VP2 and VP3 (DVP2/3). Lysates from BS-C-1 cells transfected with WT or the mutant genomes were collected and immunoblotted for the presence of LT, VP1, VP2, and VP3. The mutations did not perturb the synthesis of LT or VP1, and the cells transfected with WT or cotransfected with DVP2 and DVP3 expressed both VP2 and VP3 (Figure 2A ). The absence of VP2 and VP3 expression from the appropriate deletion mutants indicated that a WT reversion did not occur.
To determine if these mutants were infectious, their propagation was monitored with respect to WT SV40 by using the immunofluorescence microscopy assay established in Figure 1C . Confluent BS-C-1 cells were transfected with WT or the mutant genomes. The number of transfection-induced primary infections was calculated by the percentage of LT-positive cells at 2 days ( Figures 2C and 2D , w2.5% for each construct). The particles derived from DVP2, DVP3, and DVP2/VP3 transfections were incapable of propagating, as the number of cells expressing LT by 7 days did not increase. As expected, the particles generated from transfection of the WT genome readily propagated throughout the culture and infected w65% of the cells after 7 days.
To investigate if the mutant strains were nonviable due to the retention of their progeny within the cell, the growth media were isolated after the completion of one infectious cycle (5 days) and were probed for viral proteins. In each case, the appropriate viral structural proteins were present extracellularly ( Figure 2A ). In addition, LT, which is localized to the nucleus and is not secreted, was also found in the media. This implied that the viral-induced lytic release of the progeny was unaffected, and that the propagation defect in the mutant strain was attributed to the absence of either VP2 or VP3 from the released particles. In further support of this conclusion, virus produced from BS-C-1 cells cotransfected with DVP2 and DVP3 genomes infected w30% of the cells by 7 days, indicating that the trans expression of VP2 and VP3 can rescue the particle infectivity ( Figures 2C and 2D ). Together, these results demonstrate that SV40 viral particles require the incorporation of both VP2 and VP3 to be infectious.
VP2 Aids Host Cell Binding, and VP3 Is Required for Genome Delivery SV40 particles without VP2 or VP3 were released extracellularly, but they lacked the ability to infect cells. Therefore, VP2 and/or VP3 must play a role in entry, trafficking, or delivery of the viral genome to the nucleus. To investigate whether VP2 and VP3 contribute to cell binding, the various particles isolated 5 days after transfection were incubated with an equivalent number of adhered or trypsinized BS-C-1 cells. After binding, the cells were washed, harvested, and immunoblotted for bound VP1 ( Figure 3A , lower panel). The viral binding percentage was determined by the amount of VP1 bound to the cell, which was standardized to the input amount of VP1 and normalized to WT binding of adhered cells (Figures 3A and 3B) . The viral particles that did not contain VP2 (DVP2 and DVP2/3) were severely deficient in binding adhered cells compared to WT. In sharp contrast, removal of VP3 doubled the amount of virus bound to the cells. Similarly, the virus produced by cotransfecting DVP2 and DVP3 showed an w40% increase in cell binding compared to WT.
An interesting correlation in the binding data was revealed upon analyzing the ratios of VP2 and VP3 to VP1 in the WT and mutant particles. The particles with enhanced cell-binding capacities, DVP3 particles and particles produced by cotransfecting DVP2 and DVP3, contained a higher ratio of VP2 to VP1 compared to WT (Figures 2A and 2B ). On the other hand, VP3 ratios were relatively unaffected. Together, these data demonstrated that VP2 is involved in particle binding to the cell, as its absence significantly decreased binding; conversely, increased VP2 incorporation dramatically enhanced binding.
The increase in cell binding of particles devoid of VP3 implied that either these particles do not contain the viral genome, or they are deficient in delivering the genome from the cell surface to the nucleus. Therefore, the various viral particles were isolated and analyzed for the presence of SV40 DNA. WT and mutant particles with equivalent VP1 levels were isolated from the media, their viral DNA was extracted, and the VP1-coding region was amplified by PCR. SV40 DNA was present in all of the isolated particles ( Figure 3C ). Since virus devoid of both VP2 and VP3 contained the viral genome, VP2 and VP3 do not appear to direct the assembly of the viral capsid around the DNA, as VP1 alone was sufficient to encapsulate the DNA.
To investigate possible deficiencies in genome delivery, the WT and mutant particles were standardized for VP1 content and were used to infect BS-C-1 cells ( Figure 3D ). Successful genome delivery was determined by the expression of LT at 2 days postinfection. In agreement with our propagation data ( Figure 2C ), only the cells infected with WT particles, or particles created by cotransfecting DVP2 and DVP3, expressed LT ( Figure 3D ). Therefore, VP3, and possibly VP2, functions at a stage downstream of cell binding and prior to the entry of the genome into the nucleus.
VP2 and VP3 Have Distinct Physical Properties VP3 synthesis initiates from the second Met (Met119) within the VP2 reading frame, making it an N-terminally truncated form of VP2 ( Figure 1A) . Therefore, the physical properties of VP3 should also be found within VP2 unless the unique N terminus of VP2 possesses dominant characteristics. In efforts to purify various SV40 proteins from bacteria, VP2 and VP3 required detergent for isolation, while the early protein small T antigen and the capsid protein VP1 were efficiently isolated in the absence of detergent ( Figure 4B ). This characteristic is supportive of VP2 and VP3 being able to integrate or bind to membranes, a property that could account for the changes in cell binding with respect to VP2 particle incorporation.
Hydropathy analysis of VP1, VP2, and VP3 with Membrane Protein Explorer 3.0 supported the possibility of VP2 and VP3 being integral membrane proteins, while VP1 displayed characteristics of a soluble protein (Figure 4A) (Jaysinghe et al., 2006) . VP2 was predicted to have five a-helical transmembrane segments, with four of these segments localized to the overlapping portion that encodes VP3 ( Figure 4A, 1-5 ). In addition to possessing a potential a-helical transmembrane region, the unique N terminus of VP2 receives a 14-carbon-saturated fatty acid myristyl group on Gly2 during synthesis (Streuli and Griffin, 1987) . Therefore, VP2 may enhance particle binding to the cell by directly integrating into the plasma membrane after a conformational change or by causing a perturbation in the capsid structure that exposes or stabilizes a binding pocket on the capsid surface.
VP2 and VP3 Spontaneously Integrate into ER Membranes
The hydrophobic characteristics of VP2 and its ability to enhance particle binding to the cell suggested that VP2 (Jaysinghe et al., 2006) . VP3 is the portion of the VP2 plot that corresponds to the black line. Predicted transmembrane segments are designated by the lines numbered 1-5. (B) Coomassie stains of purified GST, GST-VP2, GST-VP3, GST-small T antigen, and VP1-His purified from bacteria in the absence or presence of 0.5% Triton X-100 and separated by SDS-PAGE. 35 S-labeled VP1, VP2, and VP3 were individually synthesized in reticulocyte lysate for 2 hr at 27 C and were incubated with trypsinized BS-C-1 cells in growth media for 2 hr at 4 C. The cells were isolated and either lysed directly (Lys) or alkaline extracted to separate integral membrane proteins (P) from the peripherally associated proteins (S). Proteins were resolved on 10% reducing SDS-PAGE gels, followed by autoradiography. (B) VP1, VP2, and VP3 were synthesized and analyzed as in (A), except, where indicated, ER membranes were present during translation (Ct) or added posttranslation (Pt), followed by incubation at 27 C for 2 hr. (C) Immunoblots of membrane-bound calnexin and soluble glucosidase II used as controls for alkaline extraction of the ER. MS designates the untreated ER membranes. (D) Quantification of the total viral proteins bound to the plasma membrane and ER membrane co-and posttranslationally. The error bars represent the standard deviation from three independent experiments. (E) Quantification of the total amount of protein that was integrated into the plasma and ER membranes as determined by sedimentation after alkaline extraction. The error bars represent the standard deviation from three independent experiments. (F) VP1, VP2, and VP3 were synthesized and bound to trypsinized BS-C-1 cells as in (A). The cells were isolated and either lysed directly (Lys) or resuspended in cold PBS in the absence or presence of 1% Triton X-100 prior to incubation with proteinase K for 30 min on ice. Proteins were may be capable of binding or directly inserting into the plasma membrane. To test this possibility, in vitro-translated and 35 S-labeled VP1, VP2, VP3, and the control luciferase were incubated with trypsinized BS-C-1 cells, which supported more efficient viral binding than adherent cells ( Figure 3A) . The cells were washed, and binding was determined by the amount of total protein that sedimented with the cells. Membrane integration was then analyzed by alkaline extraction.
Of all the late proteins, VP1 bound the plasma membrane the strongest (w12.5%), whereas VP2 and VP3 binding was minimal at w5% ( Figures 5A and 5D ). The association of VP1 with the plasma membrane was almost entirely peripheral, as only 5% of the plasma membrane-bound VP1 appeared in the membrane pellet after alkaline extraction ( Figures 5A and 5E ). Furthermore, the generation of protease-protected fragments of the plasma membrane-bound VP1 were largely unaffected by the presence of detergent ( Figure 5F ). Approximately half of the plasma membrane-bound VP2 and VP3 fractions were integrated into the plasma membrane ( Figures 5A and 5E ). However, these proteins integrated into the plasma membrane in a conformation that was highly sensitive to proteolysis ( Figure 5F ). The inability of VP2 to bind and integrate into the plasma membrane with a high efficiency suggests that VP2 incorporation alters the capsid structure to create a conformation with enhanced plasma membrane-binding affinity.
SV40 traffics to the ER, where it has been hypothesized that the capsid is disassembled, leading to the release of the viral genome, and the late structural proteins within the ER lumen (Kartenbeck et al., 1989; Norkin et al., 2002; Pelkmans et al., 2001) . In order to deliver the liberated genome from the ER lumen to the nucleus, the virus would require a mechanism for transporting the genome across the ER and nuclear membranes. Since this process may involve the disassembled structural proteins, the ability of VP1, VP2, and VP3 to bind and incorporate into ER membranes was investigated. Binding and integration were examined both cotranslationally, the normal route of integration for nascent proteins into the mammalian ER, and posttranslationally, the route that would be employed upon viral entry. Strikingly, w25% of 35 S-labeled VP3 bound to the ER membranes both co-and posttranslationally, while VP2 bound at w15% (Figures 5B and 5D ). Upon separation of the soluble and integral membrane proteins by alkaline extraction (see Figure 5C for separation controls), w95% of the bound VP2 and VP3 was integrated into the ER membrane ( Figures 5B and 5E ). In contrast, VP1 only displayed background ER binding. The ability of VP2 and VP3 to bind and integrate into the ER both co-and posttranslationally indicates that the binding likely occurs posttranslationally. It is of special interest to note that in this experimental system the viral proteins are targeted from the cytosolic side, and not the lumenal side, of the ER membrane.
VP3 Inserts into the ER with a Multimembrane-Spanning Topology
To examine the topologies of VP2 and VP3 after integration into the ER membrane, 35 S-labeled VP2 and VP3 were incubated with ER membranes posttranslationally. Isolated membranes were then subjected to proteinase K digestion ( Figure 5G ). The proteolytic profiles observed for VP2 and VP3 after ER binding differed greatly from those observed after plasma membrane binding. VP3, which showed the highest propensity for ER insertion, posttranslationally integrated into the membrane in a conformation that yielded several distinct proteaseprotected fragments. In the presence of detergent, VP3 was completely digested by the protease, indicating that the protection was due to membrane insertion or to a protease-resistant conformational change that occurred upon integration into the membrane. In contrast, the ER-integrated VP2 was largely sensitive to proteolysis even in the absence of detergent. The small amount of VP1 that sedimented in the absence and presence of ER membranes showed similar protease digestion patterns upon the addition of detergent, indicating that VP1 has a protease-resistant conformation and does not integrate into the ER membrane ( Figure 5G , see stars and Figure 5B ). Altogether, these results demonstrate that VP2 and VP3 can posttranslationally integrate into the ER membrane, with VP3 likely acquiring a multimembrane-spanning topology.
VP2 and VP3 Form Hetero-and Homo-Oligomers with VP3 VP3 appears to integrate into the ER with multiple transmembrane segments, and this conformation is characteristic of a channel-forming protein or a viroporin. However, VP3 in its monomeric state is predicted to have four transmembrane segments, and this conformation is likely insufficient to form a channel that could aid in genome translocation across the ER membrane. Therefore, we determined if these proteins were capable of forming oligomers by examining the ability of VP2 and VP3 to bind GST-VP3.
GST-VP3 and the control GST were expressed and purified from E. coli by using glutathione Sepharose ( Figure S1A ; see Supplemental Data available with this article online). The Sepharose-bound GST and GST-VP3 were incubated with in vitro-translated, 35 S-labeled VP1, VP2, and VP3, and oligomeric complexes were isolated by sedimentation. Both VP2 and VP3 bound with similar affinities, as w25%-30% of the total VP2 and VP3 cosedimented with GST-VP3 ( Figure 6A ). The observed binding efficiency of VP2 and VP3 to GST-VP3 was significantly greater than the positive control-VP1 (w12%)-and mock GST binding (w2%). The ability of VP2 and VP3 to oligomerize further supports our working hypothesis that VP2 and VP3 form a viroporin that inserts into the ER membrane to assist in genome delivery from the ER to the nucleus. resolved on 10% reducing SDS-PAGE gels, followed by autoradiography. The circle indicates the bound viral protein, and the asterisk indicates the protease-resistant bands. (G) The late viral proteins were synthesized and bound to ER membranes posttranslationally (PT) as in (B) and analyzed as in (F). The circles, stars, and arrowheads indicate the bound protein, protease-resistant fragments, and protease-protected fragments, respectively.
VP1 Association Inhibits the ER Incorporation of VP2 and VP3
We hypothesized that upon disassembly of the viral capsid within the ER, VP2 and VP3 integrate into the ER membrane, where they oligomerize to form a channel that facilitates the translocation of the viral genome out of the ER. However, capsid disassembly would likely begin with the liberation of the individual VP1 pentamers that bind VP2 and VP3 within their central cavity (Chen et al., 1998) . To address whether the VP1 pentamers would also need to be disassembled for VP2 and VP3 to integrate into the ER membrane, a reduced biological system was developed.
Initially, a C-terminally His-tagged version of VP1 (VP1Darm-His) with its C-terminal arm and a portion of the N terminus removed to prevent pentamers from forming virus-like particles was created (Barouch and Harrison, 1994; Garcea et al., 1987) . VP1Darm-His was expressed and purified from E. coli ( Figure S1A ). The majority of purified VP1Darm-His existed as pentamers, and no monomeric VP1Darm-His was observed by sizeexclusion chromatography ( Figure S1B ). However, a significant amount formed pentameric oligomers, albeit on a smaller order than required to form VP2-and VP3-inaccessible virus-like particles.
Next, the capacity of in vitro-translated,
35
S-labeled VP2 and VP3 to associate with VP1 pentamers both co-and posttranslationally was investigated. For cotranslational associations, purified VP1Darm-His was present during the in vitro synthesis of VP2 and VP3, and the bound complexes were isolated with Ni-NTA Sepharose. Posttranslational associations were performed similarly, with the exception of VP1Darm-His being added after synthesis had been completed. In both cases, VP2 and VP3 bound to the VP1 pentamers in a concentration-dependent manner and reached a maximum at w40% with 0.2 mg VP1Darm-His ( Figures  6B-6E) .
To investigate whether the association of VP2 and VP3 with VP1 pentamers prevented ER insertion, the proteins were synthesized and bound to the indicated concentration of VP1 pentamers cotranslationally prior to the addition of ER membranes. The ER membranes were then isolated by sedimentation, and the amount of VP2 and VP3 that cosedimented with the ER membranes was determined. At the concentration of VP1 35 S-labeled VP2 and VP3 were synthesized as in (B) in the presence of the indicated amounts of VP1Darm-His. Rough ER microsomes were added posttranslationally, and the samples were incubated for an additional 2 hr at 27 C. A portion of the total lysate (T) was retained, and the rough ER microsomes were isolated by sedimentation (P) to determine the efficiency of ER integration. (G) Quantification of the total VP2 and VP3 that sedimented with the ER microsomes with respect to the amount of VP1Darm-His that was present cotranslationally. The error bars represent the standard deviation from three independent experiments. pentamers that supported maximum binding to VP2 and VP3, the integration of both VP2 and VP3 into the ER was almost entirely abolished ( Figures 6F and 6G ). Therefore, VP1 can inhibit the ER membrane insertion of both VP2 and VP3. Discussion SV40 has been widely studied over the past 30 years, yet the functions of VP2 and VP3 still remain unknown. In this study, we demonstrated that VP2 and VP3 are essential for infection and established their roles in viral entry and penetration. In the absence of VP2 or VP3, SV40 lost its viability due to deficiencies in cell binding and viral genome transport from the cell surface to the nucleus. VP2 significantly enhanced the virion cell-binding capacity, whereas VP3 functioned downstream of this event. Most remarkably, VP1 was found to regulate the membrane localization of VP2 and VP3. Both VP2 and VP3 posttranslationally integrated into ER membranes in the absence of VP1 binding. In contrast to VP2, VP3 appears to possess several regions that act as transmembrane segments upon insertion into the ER membrane. These unique properties along with their ability to oligomerize are supportive of VP3, and possibly VP2, acting as a viroporin that aids in viral genome transport across the ER membrane after capsid disassembly. These data illustrate the functions of VP2 and VP3 in the viral entry process, as well as how they are regulated by the ability of VP1 to control their partitioning into the ER membrane. SV40 particles lacking VP2 exhibited an w3-fold reduction in their cell association, indicating that VP2 plays a central role in cell binding. Strikingly, SV40 particles devoid of VP3 or produced by cotransfecting DVP2 and DVP3 possessed an w1.5-to 2-fold increase in cell-binding capacity compared to WT virus. In both cases, the level of VP2 incorporation into the particles was higher than WT, and the magnitude of this increase corresponded to the enhanced cell binding. Incorporation of the larger VP2 could potentially cause an expansion of the capsid, which would alter its surface to create a binding pocket that associates with a cell surface receptor. This could explain why the presence of VP2 enhanced particle binding to the cell (Figure 7, step 1) . Supporting this possibility, VP2 alone had a low affinity for the plasma membrane, and a recent study demonstrated that SV40 capsids assembled in vitro from VP1 (1) SV40 binding to the host cell is codirected by the capsid and VP2. (2) The bound virus traverses the membrane and enters a caveolae. (3) The virus is endocytosed and transported in caveolae-coated vesicles to the caveosome. (4) SV40 particles bud from the caveosome and traffic to the ER. (5) Once inside the ER, the capsid is proposed to disassemble with the aid of ER-resident molecular chaperones liberating the genome and VP1 pentamers associated with VP2 and VP3. (6) Further dissociation of the VP1 pentamers releases the bound VP2 and VP3. (7) VP2 and VP3 oligomerize and insert into the ER membrane to form a multimeric complex that aids in transporting the genome across the ER membrane. (8a) The VP2 and VP3 complex integrates in the contiguous nuclear and ER membrane to directly transport the genome into the nucleus. (8b) The VP2 and VP3 complex integrates away from the nuclear boundary, transporting the genome into the cytoplasm, (9) where one of the structural proteins, ''VPX,'' utilizes its nuclear localization sequence and DNA-binding domains to traffic the genome into the nucleus. and VP2 are substantially larger than those created with VP1 and VP3 (Kawano et al., 2006) .
Penetration is the step during viral entry in which the genome and its associated proteins are transferred across a membrane barrier to the cytosol (Figure 7 , step 8b). At this point, the genome can enter the nucleus through the nuclear pore complex to initiate viral replication (Figure 7, step 9) . The mechanism utilized by nonenveloped viruses for penetration is believed to involve the formation of pores or lysis of the membrane barrier (Gonzalez and Carrasco, 2003; Marsh and Helenius, 2006) . For SV40, the ER membrane appears to serve as the barrier the viral genome must cross en route to the nucleus (Kartenbeck et al., 1989; Norkin et al., 2002; Pelkmans et al., 2001; Richards et al., 2002) . The ER membrane is impermeable to molecules larger than w500 Da, and since lysis of the ER would result in host cell death, the transfer of the SV40 genome likely requires a gated membrane pore or channel (Le Gall et al., 2004) .
A candidate ER channel that SV40 could possibly usurp for the transfer of its genome out of the ER is the dislocon. The dislocon translocates misfolded proteins out of the ER and into the cytoplasm for degradation as part of the ER-associated degradation (ERAD) pathway involved in protein quality control (Tsai et al., 2002) . In one possible scenario, a disassembled viral structural protein could mimic an ERAD substrate to facilitate its transfer out of the ER and into the cytoplasm with the genome in tow via its DNA-binding domain. However, the identity of the ERAD dislocon is still in question, and there is currently no evidence to suggest that viral structural proteins are dislocated from the ER or that an ER translocon is capable of translocating nucleic acids.
Alternatively, SV40 could import its own channel for transport of the genome out of the ER in the form of the viral structural proteins that are released after disassembly (Figure 7 , steps 5 and 6). Supporting this possibility, VP2 and VP3 were shown to form oligomers (Figure 7 , step 7) and possess unique hydrophobic properties that enabled their posttranslational integration into ER membranes (Figure 7 , steps 8a and 8b). After integration into the ER membrane, VP3 acquired a multimembrane-spanning conformation, as several protease-protected fragments were observed after its membrane integration. Furthermore, VP2 and VP3 have recently been shown to render bacterial membranes permeable to hygromycin B (Daniels et al., 2006) . Together, these unique properties support the hypothesis that VP3, and possibly VP2, integrates into the ER membrane and oligomerizes to create a conduit for transporting the viral genome across the ER membrane.
Two possible routes exist for the trafficking of viral DNA from the ER lumen to the nucleus. The first involves translocation into the cytoplasm followed by classical nucleocytoplasmic transport to the nucleus through the nuclear pore (Figure 7, step 8b) . A second more direct route could involve transport straight from the ER lumen to the nucleus across the inner nuclear membrane ( Figure 7, step 8a) . Recent studies have found that the sorting of inner nuclear membrane proteins from the ER membrane requires substrates to position their nuclear localization sequences (NLS) or several charged residues on the cytoplasmic side of the membrane (King et al., 2006; Saksena et al., 2006) . This positioning enables the substrate to recruit karyopherins to aid in the lateral diffusion of the protein across the ER and outer nuclear membranes to the contiguous inner nuclear membrane. Since VP2 and VP3 carry a C-terminal NLS and charged residues, it will be of interest to characterize the orientation of the C terminus in the ER membrane.
The proposed viroporin ability of VP3 and VP2 to integrate into the ER membrane and form a channel capable of transporting the viral genome poses a significant problem to the viral replication process. During replication, nascent VP2 and VP3 could insert into the host cell membranes and disrupt these barriers. However, the temporal analysis of late gene expression revealed that VP1 synthesis occurred w12 hr prior to that of VP2 and VP3 ( Figure 1B) . Therefore, VP1 pentamers are available for binding newly synthesized VP2 and VP3, preventing their insertion into membranes (Figures 6B and 6F) . In this respect, VP1 may act as a timer since the VP1 pentamers would be occupied or assembled into virions later in the replication process. The lack of VP1 pentamers would then enable the remaining VP2 and VP3 to insert into the host cell membranes, which, in turn, causes cell death and, potentially, viral release. This hypothesis is supported by our recent findings that these structural proteins serve an important function in viral release (Daniels et al., 2006) .
All polyomaviruses incorporate hydrophobic VP2 and VP3 into the core of their mature virions, suggesting that their roles in entry and penetration are conserved. An increasing number of viruses have been identified that traffic to the ER, indicating that viral capsid uncoating and penetration in the ER are not restricted to polyomaviruses (Pelkmans and Helenius, 2002) . Furthermore, the evolutionary pressure on pathogens to accomplish a variety of tasks with a small number of proteins requires that the encoded proteins perform multiple functions. In SV40, VP3 is encoded within VP2, and the soluble capsid protein VP1 regulates their function by controlling their membrane partitioning. This process of regulating a protein's function by directing its membrane localization is also utilized by the endogenous soluble protein Bax, which inserts into the mitochondrial membrane and forms a pore to initiate the programmed cell death pathway (Annis et al., 2005) . Future studies will be required to determine whether VP2 and VP3 function in penetration by forming hydrophilic channels capable of transporting nucleic acids across the ER membrane.
Experimental Procedures
Reagents BS-C-1 cells were obtained from ATCC (Manassas, VA). DMEM, penicillin-streptomycin, fetal bovine serum, and lipofectamine 2000 were purchased from Invitrogen (Carlsbad, CA). The pSV40 plasmid that encodes WT SV40 (strain 776) and the VP1 and VP2/3 polyclonal antibodies were generous gifts from Dr. H. Kasamatsu (Los Angeles, CA) and Dr. A. Oppenheim (Jerusalem, Israel), respectively. The T7 expression system, RNeasy kit, and Easy Tag 35 S-labeling mix were obtained from Ambion (Austin, TX), Qiagen (Valencia, CA), and PerkinElmer (Boston, MA), respectively. Rnasin and the components of the reticulocyte cell-free translation system were purchased from Promega (Madison, WI). All other reagents came from Sigma (St. Louis, MO). SV40 Mutant Construction and Viral Genome Ligation SV40 mutants were created from the pSV40 template by site-directed mutagenesis (Stratagene; La Jolla, CA), which altered the AUG start codons for Met1 (VP2) or Met119 (VP3) within the VP2 reading frame to Ile (ATA) to make pSV40 DVP2 and DVP3, respectively. The pSV40 DVP2/3 had both the Met1 and Met119 mutations. Infectious genomes were obtained by digestion of the pSV40 plasmids with BamH I (NEB; Boston, MA) to remove the E. coli ORiC. Preparative ligations were then performed. Approximately 5 mg/ml digested DNA in 50 mM Tris-Cl (pH 7.5), 10 mM MgCl 2 , 15 mM DTT, 1 mM ATP, and 25 mg/ml BSA were ligated with 1,200 U/ml T4 ligase (NEB) at 16 C for 16 hr.
Cell Culture, Immunocytochemistry, Microscopy, Immunoblotting, and Trypan Blue Analysis BS-C-1 cells were maintained in DMEM supplemented with 5% FBS and Penn-Strep. Glass coverslips containing cells were fixed, stained with LT antisera, and analyzed by immunofluorescence microscopy as previously described (Daniels et al., 2006) . For immunoblot analysis, the media at the indicated times were retained to collect the nonadherent cells. The collected cells were sedimented at 8,000 3 g for 5 min at 4 C, the media were transferred to a new tube, and the nonadherent cells were retained. The remaining adhered cells were lysed on ice with lysis buffer (1% NP-40 HBS, 2.4 mM NEM, 50 mM LLnL, 0.4 mM PMSF, and 20 mM leupeptin) and collected by scraping. The scraped cell lysates were combined with the nonadherent cells, and the protein concentration was determined by Bradford analysis. For each experiment, the indicated cellular protein amount or growth media were resolved by SDS-PAGE and subjected to standard immunoblotting. Trypan blue analysis of SV40-transfected cells was performed as previously described (Daniels et al., 2006) . SV40 Purification, Genome Isolation, and PCR Amplification SV40-transfected BS-C-1 cells were freeze thawed three times 5 days posttransfection. Cell debris was sedimented at 14,000 3 g for 10 min. The viral-containing supernatant was passed through 0.45 mm filters, and the virus was isolated by sedimentation at 180,000 3 g for 1 hr at 4 C. To extract the viral DNA, the sedimented virus was resuspended in 1% sarkosyl, 50 mM HEPES (pH 7.5), followed by an incubation at 50 C for 1 hr, phenol chloroform extraction, and ethanol precipitation of the DNA. The isolated DNA was PCR amplified for 16 cycles with primers specific for VP1.
Plasmids Containing SV40 Structural Genes For mRNA transcription, the entire coding sequences for VP1, VP2, and VP3 were amplified by PCR from the pSV40 plasmid and cloned into the pSP72 plasmid (Promega). VP1Darm (encoding amino acids 19-298), and full-length VP1, VP2, and VP3 with C-terminal His tags were generated by PCR cloning into the pET21d bacterial expression vector (Novagen; Madison, WI). GST-tagged versions of fulllength VP2, VP3, and small T antigen were created by PCR cloning into the bacterial expression plasmid pGEX-6p1 (Amersham Bioscience; Piscataway, NJ). All constructs and mutants were verified by sequencing (Davis Sequencing; Davis, CA).
mRNA Synthesis, Translations, and VP1-and GST-VP3-Binding Assays The linearized VP1, VP2, and VP3 pSP72 plasmids were transcribed with Ambion's T7 expression system. All constructs were translated in 10 ml reactions for 2 hr at 27 C, and reactions were terminated on ice for 10 min with 1 mM cycloheximide as described previously (Daniels et al., 2003) . For in vitro translation experiments involving association with bacterially produced VP1Darm, the DTT was substituted with 6 mM b-mercaptoethanol. The VP1Darm pulldown assays were performed by adding 50 volumes of 10 mM imidazole PBS (pH 7.5) to the translation mixture prior to the addition of Ni-NTA Sepharose beads (Novagen). The mixture was rotated for 15 min at 25 C, and the beads were sedimented at 2,000 3 g for 5 min and washed twice in 10 mM imidazole PBS (pH 7.5) prior to the addition of sample buffer. To monitor oligomerization with VP3, freshly purified GST-VP3 and GST bound to GSH-Sepharose were resuspended in 0.5 ml PBS (pH 7.3), 0.5% Triton X-100, and 5 mM DTT and were incubated with the radiolabeled, in vitro-synthesized proteins at a ratio of 1:50 for 30 min at room temperature. The bound products were isolated by sedimentation at 6,000 3 g for 5 min and were washed twice in 0.5 ml PBS (pH 7.3), 0.5% Triton X-100, and 5 mM DTT. The bound products were eluted with boiling sample buffer and were analyzed by SDS-PAGE followed by autoradiography.
ER and Cell Membrane Binding, Alkaline Extraction, and Protease Protection To monitor the cotranslational insertion into ER membranes, the viral proteins were synthesized in vitro in the presence of rough ER microsomes, and the microsomes were isolated by ultracentrifugation through a sucrose cushion (0.5 M sucrose, 50 mM TEA [pH 7.5], 1 mM DTT) for 10 min at 157,000 3 g at 4 C. Posttranslational insertion was analyzed similarly, except in vitro synthesis was performed in the absence of microsomes. The translations were terminated by the addition of cycloheximide (1 mM), rough ER microsomes were added, and the reaction was incubated at 27 C for 2 hr, followed by ultracentrifugation.
For binding to the cell surface, the in vitro-synthesized proteins were added to 10 volumes of trypsinized BS-C-1 cells (2 3 10 5 cells) in DMEM supplemented with 0.5% FBS. Binding was carried out for 2 hr at 4 C. The cells were then sedimented and washed twice with DMEM supplemented with 0.5% FBS prior to lysis in sample buffer. Alkaline extraction were performed by resuspending the isolated microsomes or BS-C-1 cells in 500 ml ice-cold 0.1 M NaCO 3 (pH 11.5), followed by a 30 min incubation on ice. The solution was layered on top of a 300 ml sucrose cushion, and the membrane-bound fraction was isolated by ultracentrifugation for 1 hr at 157,000 3 g at 4 C. The membrane-bound pellet was resuspended in sample buffer, and the supernatant containing the peripherally attached proteins was TCA precipitated, washed with acetone, and resuspended in sample buffer.
Protease protection experiments were performed on isolated microsomes resuspended in 250 mM sucrose, 50 mM TEA (pH 7.5). Proteinase K (0.5 mg) was added to each sample in the absence or presence of 1% Triton X-100, followed by incubation at 4 C for 30 min; the protease was inhibited by the addition of PMSF (10 mM) and boiling sample buffer. Proteinase K of isolated cells was performed in a similar fashion, except the isolated cells were resuspended in ice-cold PBS.
Recombinant Protein Expression and Purification
The BL21 E. coli Rosetta strain (DE3: pLysS) (Novagen) transformed with full-length VP1-His and VP1Darm-His was grown at 37 C to an OD of w0.4 at 600 nm, transferred to 25 C, and induced with 0.2 mM IPTG overnight. Cells were sedimented, resuspended in 20 mM imidazole/PBS (pH 7.5) with 200 mg/ml lysozyme and protease inhibitors, and rotated for 30 min at room temperature. The cells were then sonicated, the insoluble debris was sedimented for 10 min at 15,000 3 g, and the supernatant was passed through a 0.45 mm filter prior to isolation on a Ni-NTA Sepharose column (Novagen). The column was washed with three column volumes of 40 mM imidazole PBS (pH 7.5), and the protein was eluted with 500 mM imidazole PBS (pH 7.5) and dialyzed into 6 mM b-mercaptoethanol PBS (pH 7.5). The induction of GST-tagged VP2, VP3, and small T antigen was carried out identically. After sedimentation, the bacteria were resuspended in PBS (pH 7.3) with 10 mM DTT, 100 mg/ml lysozyme, 5 mM MgCl 2 , 5 mM CaCl 2 , 10 U/ml DNase I, proteases inhibitors, and, where indicated, 0.5% Triton X-100. The suspension was rotated for 90 min at 4 C, followed by sonication. The insoluble protein was sedimented at 10,000 3 g for 5 min, and the soluble protein was retained and purified by using GSH-agarose resin according to the manufacturer's instructions (Sigma).
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